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Magnetization of an array of 16 elongated iron nanoparticles with diameter of;7 nm and height of
;100 nm has been studied with a submicron semiconductor Hall magnetometer. Details of the
magnetization hysteresis curves and the angular dependence of switching fields are examined. The
results indicate that the magnetization reversal in these cylindrical nanoparticles cannot be described



















































0.7Magnetic nanowires have attracted much attention
to the interesting fundamental physics as well as poten
technical applications. Large assemblies of transition m
nanowires~Fe, Co, Ni! have been fabricated by electrodep
sition and investigated by traditional magnetization char
terization techniques.1 More insights into nanowires hav
been obtained by studying the individual Ni nanowires b
micro-dc SQUID technique,2 and later, Ni and Co nanowire
by anisotropic magnetoresistance~AMR! measurements.3,4
Experimental results on the angular dependence of
switching field of Ni nanowires have been compared to
curling mode and the coherent rotation mode of magnet
tion reversal. However, interpretation of data are complica
by the large strain effect as well as magnetocrystalline
isotropy of Ni.3 For Co nanowires, the presence of doma
walls has been observed.3
In this paper, we present results on magnetization m
surement of a small array of iron nanoparticles~16 particles!
by submicron Hall magnetometry. These iron nanopartic
have aspect ratios greater than 10. Coupled with weak c
talline anisotropy in iron, they may provide a unique ide
system for testing classical magnetization models becaus
the dominance of shape anisotropy.5 The details of hysteresi
curves and the angular dependence of magnetization sw
ing will be discussed.
The iron nanoparticle arrays were fabricated by a sc
ning tunneling microscopy~STM! assisted chemical vapo
deposition technique.6,7 Prior to growth, STM imaging mode
was used to locate the Hall cross on which the particle a
was to be grown. Then, precursor iron pentacarbonyl w
introduced into the STM chamber and a high bias volta
~217 V! was applied to the STM tip to start the growt
which was controlled by the feedback circuit of the ST
until the desired height was reached. In this work, the t
neling current was 50 pA during the growth, and the parti
height was set to 100 nm. The particles have a bcc iron c
surrounded by carbon coating, which can effectively prev
the sample from oxidation in air for years. The typical dia
eter of the iron core is 5–20 nm. After growth, the sam7910021-8979/2003/93(10)/7912/3/$20.00

























was taken out and checked with a scanning electron mi
scope~SEM! to determine the position of each particle.
The magnetic moment of each STM-fabricated iron p
ticle is on the order of 10215– 10214 emu (105– 106 mB). In
order to study the magnetization of these extremely sm
particles, we use submicron Hall magnetometers fabrica
from GaAs/AlGaAs two-dimensional electron gas~2DEG!
heterostructures by electron beam lithography followed
wet chemical etching. In the wafer used in this work, t
2DEG is;140 nm below the surface, and has a carrier c
centration of 2.531011 cm22 and mobility of 1.1
3105 cm2/V s at 77 K in the dark. To maximize the couplin
between the nanoparticles and Hall magnetometers, the
ticles were deposited accurately onto Hall crosses with
precise positioning capability of the STM. Single partic
sensitivity (;10215 emu) has been demonstrated with th
technique.8 Here, we present results on magnetization m
surements of a 16-particle array of iron nanoparticles gro
on a Hall cross with a physical size of;0.7mm30.7mm
~Fig. 1!. Due to edge depletion, the carrier concentration
this submicron channel decreases to;1.231011 cm22 with-
out gating, as determined from the Hall effect, and we e
FIG. 1. SEM image of an array of 16 iron nanoparticles grown on a
30.7mm2 Hall cross.2 © 2003 American Institute of Physics
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Downmate that the active area of the cross is reduced to;0.5
30.5mm2. A 50 nm gold gate was deposited onto the H
cross before growth to provide a tunneling current path,
well as to gate the 2DEG in order to optimize the signal
noise ratio. The measurements were preformed with a s
dard ac lock-in technique in a gradiometry setup, in which
empty Hall cross with opposite current flow is employed
circumvent the difficulty of measuring a tiny signal on top
a much larger background.9 The advantages of micro-Ha
gradiometry over micro-dc SQUIDs include the wider ope
tional temperature range and no limitation in an applied fie
Figure 2~a! shows the raw compensated Hall signal
the 16-particle array with a magnetic field applied perp
dicular to the sample plane. The particles were grown alm
perpendicularly to the substrate surface, so the applied
is parallel to the easy magnetization direction~EMD!. The
average diameter of this array is estimated to be;7 nm from
the measured remnant stray field. The Hall responses o
array in various tilted fields are shown in Figs. 2~b!–2~d!.
The hysteresis due to magnetization of particles is supe
posed on a nonlinear background, which is more promin
at lower temperatures and in less tilted fields. The nonlin
background comes from magnetoresistance due to the
offsets in lithographic process, as well as uncompensa
nonlinear Hall component, which may be related to mes
copic effects at low temperatures. However, the backgro
can be canceled out by subtracting the up-swept curves f
the down-swept curve. The corresponding resultant cur
are shown in Fig. 3. The magnetization switching can
seen more clearly.
The average switching fields are calculated from
switching field distributions, which were measured as f
lows. First, the field was swept to a large positive value
ensure every particle’s magnetization was polarized in
same direction. Then the field was swept to various nega
values, which may or may not flip each particle’s magne
zation. The portion of spin-ups and spin-downs can be
tained by measuring the remnant field for each of the swe
A detailed switching field distribution can thus be obtain
FIG. 2. Hall responses of the array at~a! F50°, ~b! F527°, ~c! F
576°, and~d! F589°. F is the angle between the applied field and t
normal of the sample plane. Data in~a!–~c! were taken atT530 K with a
driving current ofI;0.68mA, and data in~d! were taken at 15 K withI





























after many sweep cycles described above. Figure 4 show
dependence of the average switching field,^HSW&, on the
angle between the field and the normal of sample planeF,
which was also called the field tilting angle.F is approxi-
mately the angle between the applied field and the partic
easy magnetization direction~EMD!, w, since the particles’
long axes are almost perpendicular to the sample plane. W
increasing field tilting angleF, the switching fields increase
Similar angular dependencies have been observed for
nanowires with diameter larger than 75 nm, in which curli
may be a possible magnetization reversal mode.2 However,
the curling mode cannot be applied to the Fe particles in
array, because the diameter (;7 nm) is much smaller than
the coherent diameter (dcoh;11 nm).
1 For an ideal particle
of this size, the coherent rotation mode is predicted.
comparison, the angular dependence of magnetization re
sal for the coherent rotation mode is also plotted in Fig.
Clearly, the magnetization reversal in these cylinders can
be satisfactorily described by the coherent rotation mo
especially at lower angles. Nucleation at the end of elonga
particles10 and the defects inside the particles11 both may
cause the switching field to be much lower than that p
dicted by the Stoner–Wohlfarth model.12
FIG. 3. Net difference between up-swept and down-swept curves in ti
fields shown in Fig. 2:~a! F50°, ~b! F527°, ~c! F576°, and~d! F
589°.
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DownFor most of the field tilting angles, the distribution
switching field is wide (.1 kOe), even though it is a 16
particle array. However, when the field is almost perpendi
lar to the EMD, the distribution of switching field is surpris
ingly narrow, which can be seen by the sharp jump in
hysteresis curve in Fig. 2~d!. We also note that the remnan
field for F589° is only;40% of that forF50°, while the
remnant fields are the same within our experiment error
F,84°. The remnant field forF589° is identical for dif-
ferent measurements, and independent of the sweeping
tory, as long as the field is swept back to zero from a va
larger than the switching fields. This implies that the p
ticles have different magnetization directions at zero fie
which can be explained by the growth mechanism of
particles: Since the particles were grown on a polycrystal
gold surface and the growth was controlled by a STM fe
back circuit that suffers electronic and vibrational interfe
ences, it is impossible to have all particles perfectly perp
dicular to substrate surface and parallel to each other.
possible that the orientation of the particles’ long axes m
have a variation of a few degrees. When the field is app
almost parallel to sample surface and swept back to z
some particles are energetically favorable to have spin
and the others to have spin-down. This can explain both
lower remnant field and the narrower switching field dist
bution for F589°.
For the large field tilting angles close to 90°, th
z-component of applied field is small, and the backgrou
signal in compensated Hall measurement is dominated by
parabola shaped magnetoresistance. Figure 5 shows th
hysteresis curve foru51° after subtraction of the magne
FIG. 5. Net hysteresis forF589° after the magnetoresistance backgrou
is subtracted~open square! and hysteresis of a particle calculated from t





















toresistance background. We found that the hysteresis c
for F589° can be fitted fairly well to coherent rotation of
single particle withHA58.0 kOe andf587°, despite the
fact that this array has a wide distribution in switching fiel
at low tilting angles. Coherent rotation like hysteresis curv
at F;90° have been observed in previous measurement
large arrays of iron nanoparticles,13,14 however, the sharp
switching similar to that atH566.6 kOe in Fig. 5 has neve
been observed, due to the smearing effect of large arr
Apparently, a more quantitative comparison between exp
ment and theoretical models is possibly only in single p
ticle measurements, which will be discussed elsewhere.
In summary, we have studied the magnetization of
array of 16 cylindrical Fe nanoparticles with a diameter
;7 nm. Although the hysteresis shows some similarity to
coherent rotation mode when the field is applied almost p
pendicular to particles’ long axes, the angular dependenc
the switching field shows that the magnetization rever
cannot be fully described with the coherent rotation mo
especially at low angles.
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